Abstract The "Giant Wave" hypothesis for the deposition of chaotic gravels high on the coastal slopes of the Hawaiian Islands remains controversial, in part due to the scarcity of detailed submarine information regarding the Alika debris-avalanche deposits. In order to interpret the Alika debris avalanches, a comprehensive submarine investigation using high-resolution bathymetric maps, ocean-floor observations and samples from submersibles, piston cores, and improved GLORIA sidescan images, was carried out. The sequence of debris-avalanche events is based on bathymetric investigations, draped sediments on megablocks in the South Kona slide area, and turbidites recovered by a piston core sampling 135 km southwest of the island of Hawaii (PC-13). The chemical compositions of the draped sediments and turbidite layers in the piston core are very similar, but differ from the matrix and block facies of the South Kona slide. These compositions suggest that the source for the turbidite layers was probably lava erupted subaerially from Mauna Loa. This geological evidence suggests that the Alika debris-avalanche deposits are unlikely to have formed in a single event or in rapid succession. They can be redefined as three geologically separated landslide events: the Kealakekua rotational slump, the Alika 1 debris avalanche, and the Alika 2 debris avalanche. The Kealakekua rotational slump probably occurred after the South Kona slide complex and before the Alika debris avalanches and was emplaced slowly. The Alika 1 and 2 debris-avalanche deposits can be divided into subfacies: (1) the main body of the debris-avalanche deposits (Alika 1d and 2d), (2) megaturbidites (Alika 1t and 2t) accompanying the debris avalanches, and (3) levee-overflow sediments (Alika 2s) derived from the suspension and reworking of Alika 2d. Thus, complicated bathymetric characteristics in the Alika debris avalanche deposits can be interpreted as an overlapping of multiple slope failures. Therefore, the newly estimated volumes of the landslide deposits, their boundaries delineated by high-resolution digital elevation models, are smaller than those of previous estimations.
Introduction
Geological Long-Range Inclined Asdic (GLORIA) side-scan sonar investigations have revealed that huge landslide deposits prevail around the submarine flanks of volcanic ocean islands 1) -4) . Landslide deposits on the flanks of the Hawaiian Ridge have been classified into two major types: "slumps", which moved slowly as a coherent mass, and "debris avalanches", which moved quickly 1), 2) , 5) . The deposit of debris-avalanche type is predominant on the submarine flanks of volcanic ocean islands elsewhere in the world as well, such as the Canary Islands 6), 7) and Reunion Island 8), 9) . Their emplacement to be the youngest among these slides 1), 2) . Some morphologic features of the submarine debris-avalanche deposits are very similar to rapid volcanic mass movement deposits on-land 20)-22) . The Alika 2 debris avalanche probably had a high velocity, comparable to subaerial debris avalanches and submarine slides in unconsolidated sediment 1) . The oceanic disturbances caused by the rapid emplacement of a debris avalanche are interpreted to have produced giantwave deposits, such as the Hulopoe Gravel on Lanai 1), 2), 16), 23), 24) and Molokai 25) .
During 2001-2002 we carried out high resolution bathymetric surveys, piston-core (PC-13) sampling, and twelve submersible dives in the west offshore the island of Hawaii using facilities of the Japan Marine Science and Technology Center (JAMSTEC): the Remotely Operated Vehicle (ROV) Kaiko and its mother ship R/V Kairei, and the manned submersible Shinkai 6500 and its mother ship Yokosuka (Fig. 1) . In this report, we discuss the Alika debris-avalanche deposits using new geologic observations and comparisons of the chemical compositions in sediments obtained by the submersibles and by the core samplings southwest of the island of Hawaii. We redefine the distribution areas and emplacement styles of the Alika debris-avalanche deposits, which differ from those previously deduced from sonar images without the benefit of detailed bathymetric data or direct seafloor observations 1), 2) .
The Giant Wave Hypothesis
Gravel deposits with or without coral fragments, at high elevations on the islands of Lanai (Hulpoe Gravel, at 326 m), Molokai (65 m), and Hawaii (79 m), are proposed to have been deposited by tsunami run-up from a giant wave generated by a submarine landslide from a southern scarp of Lanai 23), 24), 26) . If corrected for the isostatic subsidence of the Hawaiian Ridge (currently ~ 2.5 mm/yr on the island of Hawaii), these gravels must have accumulated at even higher altitudes than their present locations 24) . Based on U-series dating of coral fragments, the giant waves on the Hawaiian Islands are considered to have been generated at about 105 ka and 200-240 ka 24) , 26) .
GLORIA surveys have revealed that numerous complicated submarine slide deposits cover wide areas on the submarine flanks of the island of Hawaii. The Alika 2 debris avalanche, the Alika 1 debris avalanche, and the South Kona slide have been interpreted as the candidates for the source of slope failures that produced the giant waves 1), 2) . Each debris-avalanche deposit has been considered to be produced by a single slide event 1), 2) . Direct dating of the Alika 2 debris avalanche by marine stratigraphy of the turbidites indicates its age to be 127 ka 27) .
Alternatively, some researchers have proposed that the Hulopoe Gravel was deposited at the shoreline on Lanai, based on sedimentary facies analysis and radiometric dating of the coral clast contained in it. These interpretations infer broad uplift to explain the present-day high elevations of such gravels 28)-31) . As coral clasts of two age groups, 135 ka and 240 ka, are contained in the Hulopoe Gravel, they are considered to have been deposited during multiple events 30), 32) . The dates, however, match, within expected errors, the ages of known giant submarine slides 16) . The submarine landslide deposits offshore the western part of the island of Hawaii overlap each other complexly, and their morphologic and geologic features have not been studied sufficiently to permit detailed comparison with the on-land investigations of the Hulopoe Gravel. Recently, detailed geological features of the South Kona slide complex have been documented based on submersible investigations, high-resolution bathymetric mapping, and the petrological and geochemical characteristics of samples 33), 34) . These investigations have also revealed differences in rock types and chemical characteristics between the South Kona slide complex and the Alika debris-avalanche deposits.
Reinvestigation of seafloor surveys
Although high-resolution bathymetric maps of the west submarine flank of the island of Hawaii have previously been published by the U. S. Geological Survey, digital files permitting bathymetric analysis have not been available. We obtained high-resolution bathymetric data independently, using SeaBeam 2111 equipment on the sister ships R/V Kairei and R/V Yokosuka during cruises in 1998, 1999, 2001, and 2002 . The survey system and dataprocessing procedures are described by Smith et al. (2002) 35) . The horizontal resolution of bathymetric surveys varies from 30 to 150 m, depending on the water depth (1000 m -5000 m) and ship speed. The accuracy of the depth measurements is 0.5 % or greater.
Early mosaic images of the GLORIA data show some discontinuities between ship track segments. The adjustment of the brightness between segments was insufficient to interpret detailed bathymetric and geologic features. Improved GLORIA processing has now generated seamless mosaics (50 m pixels) around the Hawaiian Ridge 36) . The improved images combined with our high-resolution bathymetry are very useful for deciphering small structures on the seafloor.
Bathymetric analysis

Cretaceous seamounts
Huge landslide deposits on the submarine flanks of the island of Hawaii have been studied by numerous White and black stars show dive sites of the remotely operated vehicle Kaiko (K---) and manned submersible Skinkai 6500 (S---), respectively. The geologic structure on the island of Hawaii is modified from Lipman et al. (1988) 1) . Illumination direction of the shaded relief map is the east. Contour interval is 500 m. The term West Ka Lae Ridge is used for convenience in this ms. researchers 1), 2), 4) . As the outlines of hummocky area are considered to delineate the landslide deposits, the origins of the small mounds, whether related to landslides or not, are critical to interpretation. The resolution of earlier data was insufficient to interpret the small-scale topography of such complex fields. The hummocks offshore the western part of the island of Hawaii, however, likely include small Cretaceous seamounts as well as landslide blocks 34), 37) . Newly acquired bathymetric data allow us to characterize the detailed topography of such small hummocks.
Three seamounts, each having a long axis exceeding 5 km (CS1-3 from north to south: Fig. 2) , are different in size and morphology from the other smaller hummocks. The largest seamount (CS1) was previously interpreted as a Cretaceous seamount 19), 37) . The small hummocks have typically steep conical shapes, but the larger seamounts have irregular boundary in the plan view, including both gentler slopes and bumpy slopes marked by steep, tight pillow-ridge 38) topography. CS1 and 3 have flat tops between pillow ridges. Whereas the slopes of hummocks in a landslide area have a conical or concave-upward profile, some of the slopes on CS1, CS2, and CS3 indicate an upward convex profile, which is analogous to those of large seamounts and submarine rift zones. CS1, CS2 and CS3 are partly surrounded by smoothly surfaced seafloors. Such bathymetric characteristics are similar to small Cretaceous seamounts in the South Kona slide complex 34) , and are unlikely to be slide blocks from the Alika debris avalanches.
Major bathymetric features on the submarine flanks
Three hummocky areas (A-C) and many bathymetric features can be recognized in the Alika debris-avalanche deposits (Figs. 2 and 3) . Hummocky area A corresponds to the northern lobate area of the Alika 2 debris-avalanche deposit, and areas B and C to the Alika 1 debris-avalanche deposit, as proposed previously 1), 2) . Hummocky areas B Figure 2 : Three-dimensional perspective image of the west submarine flank of the island of Hawaii. The image is projected from 250º using GMT software 52) . Illumination direction and viewpoint inclination are both 45º. To adjust low-quality bathymetric data, the grid is expanded to 150 m, which is wider than the original resolution. White thin-dashed lines bound hummocky areas A-C. A "flood-plain" splay lies between hummocky areas B and C. The thick black dashed line denotes the boundary of the South Kona slide complex 34) . Thick white dashed arcs are inferred as the remnant amphitheater of the Alika debris avalanche 1) . Unnamed small seamounts (> 5 km in diameter), inferred to be Cretaceous in age, are designated CS1-3. The solid black line indicates the present-day shoreline. 34) . Numbers on the profiles are average slope angles of the bathymetric sections (e.g., the average angle between a3 and a4 is 2º on the A-A' profile). Vertical exaggeration of the profiles is 5:1. and C, however, have different bathymetric features as seen on high-resolution bathymetry. The major bathymetric features of these hummocky areas are summarized in Table 1 .
The vertical profiles of the debris-avalanche deposits help to aid in the interpretation of the depositional environments of each flow. Hummocky areas A and B have nearly flat slopes (< 1 o ) which suggest a highly fluidized debris avalanche that could move rapidly down the chute 1), 2) .
Levees are recognized as ridges ca. 1 km width, 50 m height. Large levees define the Alika debris-avalanche chute, which is approximately 8 km wide for 60 km southwest along the submarine flank of Mauna Loa and Hualalai. The chute has a relatively smooth surface. The levees have some gaps that seem to have been formed by submarine channels.
Many small-scale submarine channels are also recognized in the 3D images. Most of the submarine channels are depressions 1 km wide and 40 m deep. The sides of the submarine channels are not always recognized as levees. Some submarine channels connect to lower flat areas. The bathymetric combination of the submarine channels and abyssal plains are similar to "flood-plain splays", such as those that typically develop in a meandering river system on-land. The lower flat areas have probably been produced by the levee-overflow sediments.
The submarine flanks of offshore Kealakekua Bay show bumpy slopes. Some linear scarps, which vary from 100 m to 500 m high, can be observed (Fig. 2) . As a whole, the slope includes both bench and scarp structures. These parallel scarps are aligned in the NNW-SSE direction. Such regular arrangement can be traced as lineaments for about 12 km along the submarine flank. The direction of the lineament is similar to those of the lower frontal slope of the South Kona slump 34) . Although the shallowest lineament is not obvious compared with the deeper one, it can be traced to the flank of Mauna Loa.
A debris-avalanche deposit is commonly associated with an amphitheater in the collapsed source region. No sizable amphitheater for the debris-avalanche deposits has been preserved at the southern end of the chute on the submarine flank of West Hawaii. The lack of any large amphitheater has been interpreted as being due to the accumulation of later lava flows from Mauna Loa 1) , or may be explained as a result of the small failures that occurred on the unstable amphitheater.
GLORIA side-scan image
The intensity of acoustic backscatter in GLORIA images is controlled by factors such as seafloor topography, surface roughness, and composition 36) . Lava surfaces typically appear brighter than sediments because they provide greater acoustic backscatter 1) . Except for the large Cretaceous seamounts, the average slope angle in the study area is low. Thus, the backscatter is expected largely to record seafloor compositions.
Because the bright areas extend continuously to hummocky areas A and B, these areas are also likely to be block-rich areas without thick deposits of matrix facies (Fig. 4) . The absence of matrix facies in the hummocky areas is probably due to dispersion of the fine sediment components by turbidity currents that flowed beyond the debris avalanche. The main body of the Alika 2 debris avalanche should be non-cohesive fluidized material.
In striking contrast to the low-acoustic-backscatter central part of the debris-avalanche chute, levees in the Alika 2 debris-avalanche deposits have high backscatter. Outcrops of the submarine levee bounding the Alika 2 debris avalanche chute, which are remarkably bright area on the GLORIA image, were observed from the sub- mersible (S692: at 4,510 mbsl). The walls of the levee are composed of stiff clast-supported breccia. On the other hand, the low backscatter part continues into the leveeoverflow deposits area. Other flat areas in the vicinity of the levees also have low backscatter, probably indicating thick unconsolidated fine sediments.
The small hummocks in areas A and B have high acoustic backscatter. The seamounts CS1-3 are all dark and difficult to identify in the GLORIA side-scan images, in contrast to the smaller hummocks (Fig. 4) . This supports the interpretation that CS1-3 are Cretaceous seamounts whose flat tops are covered by thick sediments. Hummocky areas A and B show a large continuous acoustically bright area, compared with area C, which is both bathymetrically and acoustically different.
Brightness is variable even within a single area. For example, the middle of hummocky area B is brighter than its western part. On the other hand, a wide dark area is developed in only marginal part of the lobate hummocky area A. The dark area is traced continuously from the outside of area A to the middle of area B. The low acoustic reflectivity of flat areas may indicate thickly deposited fine sediments. The middle of area B could be overlapped by thick fine sediments derived from area A. A plausible interpretation of this is that the turbidity currents derived from hummocky area A were deflected by the Indianapolis Seamount and flowed southward through the western part of area B.
In contrast to areas A and B, hummocky area C does not have a bright central region, and its bright hummocks are unevenly distributed along the western margin of the area. The acoustic reflection of area C as a whole is as dark as the South Kona slide complex, implying that this area is older than areas A and B.
3.3. Small-scale topography of hummocky areas 3.3.1. Hummocky area A Hummocky area A has a lobate shape 30 km in diameter, corresponding to the northern lobate field of the Alika 2 deposit as proposed previously 1), 2) . One-hundred-fiftysix detectable hummocks (> 20 m high) are scattered in area A (Fig. 4) . The highest hummock is about 230 m high and is located in the central part of this area. The number of hummocks between 20 to 60 m high accounts for 53% of the total. Because small steep hummocks may not be detected due to the grid resolution, the number of hummocks < 40 m high is not accurate and probably too low.
The lobate area of area A has a central bulge with a upward convex topography in the profiles across the axis. The central bulge is approximately 200 m higher than that of the submarine plain (Fig. 5 ). This region is very rough due to densely distributed hummocks and submarine channels. The profile of the lobe along the axis is asymmetrical. At the terminus of the chute, a bulge has formed just beyond a depression (Fig. 6 ). Therefore, a submarine channel is bifurcated from the terminus. Toward the mar- ginal region, the lobe is slightly flat and smooth, being free of any recognizable channels. The small-scale bathymetric features of this lobe with a central bulge and marginal region are analogous to the relationship between a suprafan and a lower fan model 39) in a submarine fan system. Based on the above bathymetric features, hummocky area A can be divided into two subareas bounded by the breaks on the west slope: lobes 1 and 2 (Fig. 6) . The bathymetric architecture and slope gradient of area A is similar to a point-source mud/sand-rich submarine fan 40) .
Three submarine levees approximately 20 km long, consisting of paired levees with a central channel and a remnant third levee, occupy the middle of the lobe. The channel-levee system is probably linked to a single debrisavalanche flow and defines the channel for the slope-area deposit. The axis of the channel-levee system is somewhat deflected to the east side of hummocky area A. In contrast, the remnant levee is centrally located. This geometry suggests that the remnant levee may have had a counterpart on the eastern side that was overlapped by later debrisavalanche deposits related to the channel-levee system (Figs. 7, 8) . Alternatively, this "unpaired" feature may mark the head of a secondary slide of hummocky material moving westward. In either case, the emplacement of area A involved a multiphase flow, not necessarily separated by a large time gap, given its continuous brightness on the GLORIA image (Fig. 4) . The paired levees and associated channel therefore may reflect another secondary slide failure of hummocky material originally deposited at a greater thickness near the constriction between seamount CS1 and the elliptical bedrock ridge to the northeast. Hummocks along the axis of the chute immediately upslope from the constriction may represent remnants of the early unstable high stand of debris deposition. . Based on topography, hummocky area A can be divided into two subareas bounded by a slope break: lobe 1 delineated by a thick line, and lobe 2 delineated by a thick dotted line. Lobe 2 has bathymetric features similar to the submarine suprafan deposit 39) . Lobe 1 is interpreted as a remnant of the earlier debris-avalanche flows, overlapped by the later lobe 2 deposits on its eastern side. The time gap between the lobes may be negligible. The illumination direction of the shaded relief map is southwest. The contour interval is 25 m, about the same resolution as that of the SeaBeam data. Degrees in the profile show the average slope angle. A0 and A1 show the starting and ending points of the profile.
Assuming the depth of the submarine plain before the debris avalanche to be 4800 m, the total volume of the avalanche was calculated using the GIS method employing a digital elevation model and was found to be approximately 110 km 3 (Table 1 ). This volume does not include the southern part of the Alika 2 debris-avalanche deposit and the chute. Because the boundary of the lower submarine fan system of the Alika 2 debris-avalanche deposits cannot be delineated, the total volume of Alika 2 debrisavalanche deposits is a minimum estimation.
Hummocky area B
Hummocky area B is located south of seamount CS1 and is elongated in the east-west direction; it corresponds to the northern half of the Alika 1 debris-avalanche deposit as defined in prior papers 1), 2), 4) . Steep-sided hummocks, 1 -2 km in diameter, are scattered between the Indianapolis Seamount and CS1, defining a lobe 20 km in diameter. Fifty-one detectable hummocks are distributed in area B (Fig. 4) . The highest hummock is about 350 m high. Relatively larger hummocks are located in the mar- ginal area of area B. Most of the hummocks are higher than 100 m. The number of hummocks > 80 m high account for 68% of the total in this area. The size distribution is extremely broad and unimodal. The hummocks are higher (av. 120 m high) and are more widely spaced than those in area A while the areas between the hummocks are flat.
In contrast to area A, area B lacks any prominent channel-levee system, but such a system could lie buried beneath deposits of the levee-overflow deposits upslope from the distal hummocks. The average slope of the lobate area of area B is ~0.4° (Fig. 3) and is gentler than that of area A.
Assuming the depth of the submarine plain to be 4760 m, the total volume of area B is calculated to be 20 km 3 and is the smallest among the areas (Table 1) . Many bathymetric features, such as a flat lobe area and a wide acoustically dark zone, strongly suggest that hummocky area B was buried by later debris-avalanche deposits. In spite of the later reclamation process, the biggest hummock in this area is still bigger than that of hummocky area A. This implies that the size of the slope failure may be bigger than that of the hummocky area A. Therefore, the delineated boundaries of the debris-avalanche deposits based on bathymetric map and GLORIA images are likely to be underestimated. The geological evidence implies that area B was produced independently of hummocky area A with a geological time gap. Thus, area B is redefined as part of the Alika 1 debris-avalanche deposit.
Hummocky area C
Hummocky area C corresponds to the southern half of the Alika 1 debris-avalanche deposit as defined previously; it has been interpreted as having been emplaced more slowly than the Alika 2 debris avalanche 1) . Seventy-one detectable hummocks are recognized in this area. The highest hummock is about 320 m high. Hummocks higher than 100 m account for 56% of all the hummocks. The average height (124 m) of the hummocks in this area is greater than those of areas A and B. The hummocks are concentrated not in the area's central region but in its western margin (Fig. 4) . The height category of 100 ~ < 120 m is common in this area.
The main part of area C has an undulating surface comprising a unique bathymetric feature (Figs. 2, 4) . Each ridge is about 10 km long, with a 2 km wavelength (Figs. 1-3) and is aligned in the NNW-SSE direction. The wave heights vary from 50 to 150 m. This area has an average slope of about 2°, similar to the middle of the Alika 2 chute, but is steep compared with areas A and B. Landslide deposits of area C overlap the South Kona slide complex. Assuming the submarine plain before the landslide to be 4750 m depth, the total volume of landslide deposits in area C is calculated at approximately 110 km 3 (Table 1) .
Observations from submersibles
Because there are many limitations in the observations made from a submersible 40) , unconsolidated sediments distributed on the steep slope of the megablock in the South Kona slide complex observed during the K211 dive 34) have been reinvestigated. Continuous outcrops (4554~4547 m depth) of the relationships between the matrix facies of the South Kona slide and the Alika 2 debris-avalanche deposit (Fig. 7) have been recognized. The matrix facies of the South Kona slide indicate three conformably stratified units. This implies that it has probably been produced by multiple flow phases rapid succession. The Alika 2 deposit consists of two lithologic subunits: upper sandy mudstone with pebbles, and lower laminated sand (Figs. 9a, c) , which unconformably overlie the matrix facies of the South Kona slide (Fig. 7a) . The upper sandy mudstone occurs in platy blocks, in many places showing translational slide structures (Fig. 7b) . The distribution of sandy mudstone may be controlled structurally by the lower laminated sand, suggesting that these two units occur widely together.
Similar successions of draped sediments are also present at dive sites on another South Kona megablock (S715) and on the submarine flank of Hualalai (S692). The layers are exposed along gently sloping upper parts of the dive sites. The outcrops of sandy mudstone are accompanied by unconsolidated finely laminated sediment beds ~10 cm thick (Figs. 10a, b) . Similar sediment has been reported on another megablock adjacent to the K211 site 42) . The thin layers imply that the sandy mudstone is distributed widely in the vicinity of the South Kona slide complex and is related to the Alika 2 debris-avalanche deposit. 
Piston core PC-13
Core PC-13 was obtained using a gravitational core sampler from the axis of the Hawaiian Deep, 135 km west of the South Point of the island of Hawaii: 18°36.39' N, 156°47' W. This location is on the abyssal plain between the large Cretaceous McCall and Day Seamounts (Fig. 1) . Because of several factors, the location of PC-13 is well situated to avoid direct sedimentation from the island of Hawaii: (1) wind erosion on the western side of the island of Hawaii is minor due to its location on the leeward side of the trade winds, (2) the site is too distant for deposition by small turbidity currents from the shoreline, and (3) the site is surrounded by large Cretaceous seamounts that block sediment transport from the east and southeast. Therefore, the core seems unlikely to have accumulated voluminous island-derived sediment other than by large landslide-related turbidity currents.
The recovered core (~ 6 m) was cut into one-meter sections, split vertically into two parts, and numbered from top to bottom. Some sections have voids, and section 4 is completely empty. The voids may have resulted from gravitational separation during recovery of the core. Magnetic susceptibility and color reflectance were measured every 2 cm using a magnetic susceptibility bridge (Bartington Instruments MS2C) and photospectrometer (Minolta CM-2002). Because the volume decreases near the edge of the sections, these data were excluded from the descriptive diagram (Fig. 8) .
The core can be divided into six lithologic types: (1) brown mud, (2) yellow-brown sandy silt, (3) brown mud mottled with very fine sand, (4) laminated yellow-brown mud, (5) alternation of olive-black medium to fine sand and brown mud, and (6) olive-black medium sand. The lithologic types (2), (3), and (4) contain very fine volcanic sand (< 1/8 mm) which occurs as thin laminations or spots. On the other hand, the lithologic types (5) and (6) are composed mainly of medium to fine grained volcanic sand (1/8 mm -1/2 mm), and contain very little clay.
In the upper part of the core (sections 1-3), yellowbrown mud is interbedded with thin muddy sand and sandy mud layers (ca. 2-4 cm thick). One muddy sand layer in section 2 at 1.29 m below the seafloor has high magnetic susceptibility; This is interpreted as a thin turbidite derived from a large landslide event. The color of the other thin sandy mud layers which appeared in the upper part of the core is similar to it, but their magnetic susceptibilities are as low as that of brown mud (Fig. 8) .
Although these sandy mud layers may have been produced by landslide events, it is difficult to deduce the origin because the sedimentological characteristics are not conspicuous due to dilution of the abundant clay.
The brown mud layers show some bioturbations. The mud layers are similar to hemipelagic mud reported elsewhere 43) and probably were deposited from a water column as hemipelagic sediments. Therefore, this type of sediment requires a long period for deposition to take place. The thicknesses of the upper and lower hemipelagic mud separated by the upper muddy sand layer are 1.02 and 0.98 m, respectively.
The color and magnetic susceptibility of the core change rapidly below section 3. The uppermost part of the lower sand (section 5) contains beds (ca. 10 cm) of massive olive-black sand and a thin brown mud layer. Massive olive-gray sand fills the core below these bedded sand layers. The sequence in section 5 from top to bottom is similar to the Bouma sequence of Te, Td, Tb, and Ta 44) .
The 3 m length from the laminated sand layer to the end of the core indicates the minimum thickness of the essential sandy turbidity current deposit. The sequence probably represents a single large turbidity current deposit, but the lithologies differ from those of megaturbidites on the continental shelf, which are composed mainly of thick structureless turbidite mud 45) . This lithologic difference may have resulted from the material of the source regions not being in the flow mechanism. Because the source area consists largely of lava and indurated hyaloclastite around the Hawaiian Islands, the relative abundance of muddy sediments in the source region is very small compared with the continental shelf.
Chemical natures of sediments
Analytical methods
The wet sediments from PC-13 and push core samples recovered by submersibles, about 2 cc, were packed in plastic bags onboard the research vessels. The samples were dried at 110 ºC for 24 hours, then were ignited for eight hours at 1000 ºC in a muffle furnace. The dried samples were powdered using a steel crucible and agate mortar. The samples were measured using an X-ray fluorescence spectrometer (Philips 1404) at Kumamoto University. The accuracy and reproducibility of the measurements are reported elsewhere 34), 46) .
Source rocks of the sediments
The compositions of the sediments are similar to basalt rather than to common pelagic clay 47) , indicating that the dominant source was from the Hawaiian Islands. Because K 2 O content is approximately 10 times higher in the pelagic sediment than in picrites, it was the most useful discriminator for a turbidite layer in pelagic clay.
The analytical data show clusters related to occurrence (Fig. 9) . Massive yellow-brown mud in PC-13 and unconsolidated surface mud recovered by push core, both considered to be hemipelagic sediments, were plotted in a broad area of high K 2 O (~>1.0 wt. %) and low MgO (<9 wt. %) (Fig. 9) . Sandy sediments from the PC-13 core were ~10 wt. % MgO. Muddy sand from the matrix facies of the South Kona slide had the highest MgO (~ 14 %) among the sediment samples.
In order to evaluate the sources of the sediments, breccias in the Alika debris-avalanche deposits, basalts from the South Kona slide megablock 34) , and historical subaerial lavas from Mauna Loa 48) were compiled (Fig. 9) . The South Kona slide megablock contains abundant olivinerich basalt 34) , in contrast to historical subaerial Mauna Loa lavas (mainly low-olivine basalt). Clasts in the draped sediment, interpreted as being associated with the Alika debris avalanche, have compositions similar to subaerial Mauna Loa lavas. A sample of the sandy matrix of the South Kona slide deposit is plotted near basalts from the megablock of the South Kona slide. Sand from the lower part of PC-13 is plotted near historical subaerial Mauna Loa lavas (Fig. 9) . The K211-11 mud, S715-8 and the upper thin turbidite layer in PC-13 (SEC2-29) have similar compositions. These sediments, except for a matrix sample of the South Kona slide (K211-PY), can be interpreted as exhibiting a mixing trend between the hemipelagic mud and the subaerial Mauna Loa lavas. On the other hand, K211-PY indicates a different mixing trend between the hemipelagic mud and the picritic basalts in the South Kona megablock. These relations suggest that the sediments draped on the megablocks and in PC-13 could have originated from subaerial Mauna Loa lavas.
Discussion
1. Kealakekua rotational slump
Because the bathymetric features of area C, such as slope angles, the hummocks' distribution pattern, and its wavy-surfaced morphology, differ from those of other areas, the emplacement mechanism may have been different from that of the others. Studies of the bathymetric characteristics of the landslide deposits on the western submarine flanks of the island of Hawaii have been focused on the west side of the Alika 2 debris-avalanche chute 1), 2), 19) . If we synthesize the topography of both sides of the chute, the overall bathymetric features, including area C and the submarine flanks (Fig. 10) , are similar to submarine and subaerial rotational slump structures 49)-51) . Area C could be interpreted as the foot region of a rotational slump rather than an individual debris-avalanche deposit. The lineaments on the submarine flanks offshore Kealakekua Bay may correspond to rotational slump scars. Based on these observations, we propose that the area be newly defined as the "Kealakekua rotational slump" to include both area C and the bench and scarp structures of the submarine flank offshore Kealakekua Bay.
The foot regions of the Kealakekua rotational slump cover the eastern part of the South Kona slide complex. Because the chute of the Alika debris avalanches deflects at the upper part of the wavy-surfaced area of the rotational slump, the highest topographical point of the slump must have formed before the Alika debris avalanches. According to the above bathymetric considerations, the Kealakekua rotational slump probably occurred after the Figure 11 : Interpretive geological map for the west submarine flank of the island of Hawaii. Thick black striped arrows, inferred direction of the turbidity current (Alika 1t) that accompanied the Alika 1 debris avalanche. Hatched thick arrows, inferred direction of the turbidity current (Alika 2t) that accompanied the Alika 2 debris avalanche. Thin solid arrows, inferred directions of suspended and reworked surface of fine sediments (Alika 2s) related to the Alika 2 debris flow event. Based on the distribution areas of Alika 1 and Alika 2, the sizes of the hummocks and thicknesses of sandy turbidites in PC-13, the Alika 1 debris flow is interpreted to have been twice as large as the Alika 2 event.
South Kona slide complex and before the Alika debris avalanches. Although the bench and scarp structures in the northwest submarine flanks of Mauna Loa have been attributed to the North Kona slump 19) , the Kealakekua rotational slump is apparently younger than that. Therefore, the rotational slump could not be accompanied by the North Kona slump but by the volcanic activity of Mauna Loa.
2. Origin of the thick turbidite layer in PC-13
In general, the thickness of an abyssal turbidite layer is related to the distance from its source, the direction of the flow, the size of the slope failure, and the bottom topography at the depositional site. The size and distance of the South Kona slide make it one possible candidate for the source of the thick lower turbidite layer at the PC-13 site, but the composition of the lower layer is similar to the subaerially erupted historical Mauna Loa lavas rather than the picritic basalts of the South Kona megablocks. If the thick turbidity layer is derived from the South Kona slide, it should include fractionated olivine crystals present in the turbidity current.
The Alika 2 debris flow is another candidate for the source of the lower turbidite layer in PC-13. However, a huge turbidity current would have had to transit the megablock barriers of the South Kona slide, reaching 80 km southwest, and then to be deposited thickly at the PC-13 site. Furthermore, the thickness of the Alika 2 deposit, where observed on megablocks in the South Kona slide complex, is less than 1 meter, so the thick lower sandy turbidite (> 3 m) in PC-13 seems unlikely to have flowed to the abyssal plain from Alika 2.
The directions of turbidity currents may be controlled by the inertial momentum of the associated debris avalanche. The northwest-directed flow directions of both the Alika 1 and 2 debris avalanches on the submarine flank of the island of Hawaii seem inappropriate for the deposition of a thick turbidite layer in PC-13. However, several large Cretaceous seamounts (Indianapolis, Jaggar, and McCall) form an almost continuous western barrier to the extension of the Alika 1 debris-avalanche deposit in this area.
Bathymetrically flat and acoustically dark areas around hummocky area B may be explained by the deflection of the turbidity current separated from hummocky area A. It is reasonable that the isolated larger hummocks in area B may have remained unburied. This suggests that hummocky area B was produced prior to hummocky area A. Furthermore, the flow direction of the turbidite separated from Alika 1 could have been deflected and its course changed along the base of these seamounts. Thus, the thick turbidity layer in PC-13 is probably derived from the Alika 1 debris avalanche.
3. Scenario for the Alika debris avalanches
As summarized in an interpretive geological map (Fig.  11) , the Alika debris-avalanche deposits previously proposed 1), 2) can be redefined as three geologically separated landslide events: the Kealakekua rotational slump, the Alika 1 debris avalanche, and the Alika 2 debris avalanche. The Alika 1 and 2 debris-avalanche deposits are divided into subfacies: main debris-avalanche deposits (Alika 1d and 2d) appearing as a hummocky area, megaturbidites separated from the main debris-avalanche bodies (Alika 1t and 2t) corresponding to acoustically dark areas, and finegrained sediments (Alika 2s) deposited from suspended mud and a reworking of Alika 2d.
The Kealakekua rotational slump occurred at the northern part of the submarine flank of Mauna Loa. The second slope failure for Alika 1 started between the head region of the Kealakekua rotational slump and the amphitheater of the South Kona slide on the western flank of Mauna Loa. The main body of the avalanche (Alika 1d) slid rapidly down the submarine flank of Mauna Loa and deflected its course to the north along the submarine flank due to the topographical barrier of the Kealakekua rotational slump. The avalanche then impacted a Cretaceous seamount (CS1), further deflected its course to the west and was deposited over an area of about 450 km 2 as hummocky area B on the abyssal plain. During the emplacement of the main debris avalanche, the sandy matrix of the avalanche was separated and dispersed as turbidity currents (Alika 1t) farther to the northwest and on the abyssal plain.
The third slope failure, the Alika 2 debris avalanche, occurred on the same flank of Mauna Loa. The Alika 2 debris avalanche probably used the same chute as the Alika 1 debris -avalanche. The main body of the avalanche (Alika 2d) slid rapidly down the submarine flank of Mauna Loa and deflected its course to the north along the submarine flank of Hualalai due to the topographical barrier both of the Kealakekua rotational slump and the Alika 1 debris-avalanche deposits. Based on interpretation of bathymetry, Alika 2 formed hummocky area A on the northeast side of Alika 1, covering approximately 950 km 2 . The main turbidity current derived from Alika 2d dispersed mainly to the NNW. Suspended fine particles and reworked sediments from Alika 2d were probably deposited thickly (Alika 2s) in the depressed parts of the chute and on flat areas around Alika 2d, in part as leveeoverflow deposits.
Conclusions
We used high-resolution multibeam bathymetry, observation and sampling by JAMSTEC submersibles, core samples, and improved GLORIA side-scan images to reinterpret the Alika debris-avalanche deposits. These bathymetrically defined depositional units are characterized by their bulk chemistry and sedimentary structures that differ from the South Kona slide. This geological evidence suggest that the Alika debris-avalanche deposits are unlikely to have formed in a single event or rapid succession. They can be redefined as three geologically separated landslide events: the Kealakekua rotational slump, the Alika 1 debris avalanche, and the Alika 2 debris avalanche. The Kealakekua rotational slump probably occurred after the South Kona slide complex and before the Alika debris avalanches and was emplaced slowly. The Alika 1 and 2 debris-avalanche deposits can be divided into subfacies: (1) the main body of the debris-avalanche deposits (Alika 1d and 2d), (2) megaturbidites (Alika 1t and 2t) accompanying the debris avalanches, and (3) levee-overflow sediments (Alika 2s) derived from the suspension and reworking of Alika 2d. The complicated bathymetric characteristics of the Alika debris-avalanche deposits are interpreted as an overlapping of multiple slope failures.
